kinase] is one of the two mitochondrial deoxynucleoside salvage pathway enzymes involved in precursor synthesis for mtDNA (mitochondrial DNA) replication. DGUOK is responsible for the initial rate-limiting phosphorylation of the purine deoxynucleosides, using a nucleoside triphosphate as phosphate donor. Mutations in the DGUOK gene are associated with the hepato-specific and hepatocerebral forms of MDS (mtDNA depletion syndrome). We identified two missense mutations (N46S and L266R) in the DGUOK gene of a previously reported child, now 10 years old, who presented with an unusual revertant phenotype of liver MDS. The kinetic properties of normal and mutant DGUOK were studied in mitochondrial preparations from cultured skin fibroblasts, using an optimized methodology. The N46S/L266R DGUOK showed 14 and 10 % residual activity as compared with controls with dG and deoxyadenosine as phosphate acceptors respectively. Similar apparent negative co-operativity in the binding of the phosphate acceptors to the wild-type enzyme was found for the mutant. In contrast, abnormal bimodal kinetics were shown with ATP as the phosphate donor, suggesting an impairment of the ATP binding mode at the phosphate donor site. No kinetic behaviours were found for two other patients with splicing defects or premature stop codon. The present study represents the first characterization of the enzymatic kinetic properties of normal and mutant DGUOK in organello and our optimized protocol allowed us to demonstrate a residual activity in skin fibroblast mitochondria from a patient with a revertant phenotype of MDS. The residual DGUOK activity may play a crucial role in the phenotype reversal.
INTRODUCTION
MDS [mtDNA (mitochondrial DNA) depletion syndrome] is a quantitative disorder characterized by a variable tissue-specific reduction in mtDNA copy number. Myopathic (OMIM 609560) and hepatocerebral (OMIM 251880) forms are the main clinical presentations. The onset usually occurs in infancy or early childhood, but may be delayed into childhood with prolonged survival [1] . MDS patients with liver as the most or only affected organ usually die of severe liver failure before 1 year of age [2] [3] [4] . We reported previously the first case of a progressive reversion of the clinical and molecular phenotype in a child (patient 1) with liver-restricted MDS [1] . MDS is an autosomal recessive disorder and five nuclear genes are known to be involved in the pathogenesis of MDS in infancy or childhood: DGUOK [dG (deoxyguanosine) kinase] [5] , TK2 (thymidine kinase 2) [6] and SUCLA2 (succinate-CoA ligase, ADP-forming, beta subunit) [7] involved in the maintenance of the mitochondrial dNTP pool, POLG [polymerase (DNA directed), gamma] involved in mtDNA replication [8] and MPV17 controlling mtDNA maintenance [9] . In mammal cells and tissues, DGUOK and TK2 are the two rate-limiting enzymes involved in the first step of the mitochondrial salvage pathway of the purine and pyrimidine deoxyribonucleosides respectively. Mutations in the DGUOK gene have been identified in patients with hepatic or hepatocerebral forms of MDS [3] [4] [5] 10] . For this reason, we decided to study this gene in order to identify possible molecular anomalies in patient 1.
The human DGUOK is localized to chromosome band 2p13 and spans nearly 32 kb with seven exons. For this gene, five alternative splice variants encoding four different protein isoforms have been described. Variant 1 represents the longest transcript (NM 0890916) and encodes the longest 277-amino-acid isoform. Human DGUOK (nucleoside triphosphate: deoxyguanosine 5 -phosphotransferase; EC 2.7.1.113) is a dimer of two identical subunits of 30 kDa. The three-dimensional structure of the human DGUOK monomer has been reported [11] , providing an explanation for the substrate specificity of the enzyme. DGUOK selectively phosphorylates purine deoxynucleosides and their analogues, with the highest efficiency for dG, using ATP and UTP as the most efficient phosphate donors. DGUOK belongs to the family of deoxynucleoside kinases, which includes mammal dCK (deoxycytidine kinase) and TK2 and the Drosophila melanogaster deoxynucleoside kinase. The high sequence homology between DGUOK and cytosolic dCK (45 %) [11] explains why dCK has an overlapping substrate specificity with DGUOK [12, 13] . DGUOK activity measurements have been described in cell and tissue extracts, including human skin fibroblasts [12] . Kinetic parameters of the enzyme have been assessed with DGUOK purified from bovine liver [14, 15] or brain [12] and with human recombinant DGUOK [16] .
To date, ten different DGUOK mutations have been identified in 17 MDS families with one or more affected siblings [3] [4] [5] 10, 17, 18] . A partial defect of DGUOK activity has been reported in the liver of one patient who presented with isolated liver failure and carried two compound heterozygous missense mutations [3] . Site-directed mutagenesis has been used to study the consequences of these two missense mutations on the activity of recombinant enzymes [19] .
In the present study, two different missense mutations were identified in patient 1. To find out if these mutant enzymes could be involved in the mechanism responsible for the reversal of the MDS phenotype, we optimized the DGUOK activity assay for cultured skin fibroblast mitochondria. We determined the kinetic parameters of the wild-type and mutant enzymes in organello and showed that the DGUOK mutant enzymes from patient 1 have a markedly higher residual activity compared with the severe deficiency of two other patients with splicing defects or premature stop codon. DGUOK activity in mitochondria from skin fibroblasts correlated with the course of the disease and the type of mutations in DGUOK.
SUBJECTS AND METHODS

Case reports
Patient 1
This boy was born to unrelated French parents with no clinical relevant family history. The initial patient history until age 28 months was previously reported [2] . He presented with infantile cholestasis and progressive liver fibrosis due to mtDNA depletion (85 % at 12 months of age). For this liver MDS without extrahepatic clinical involvement at age 28 months, a liver transplantation was initially discussed to correct the progressive liver failure in case of worsening. Surprisingly however, the patient displayed a spontaneous gradual improvement of his liver function with continuous increment of clotting factors since 32 months of age. At the age of 46 months, clinical, biochemical and molecular follow-up demonstrated an almost complete reversion of the MDS [1] .
During the following months, liver tests continued to improve [1] . At 10 years of age, the child is now clinically healthy without any treatment or special regimen, yet hepatic ultrasonography showed the same heterogeneous liver compared with the previous examinations. Kidney and cardiac function, and cerebral MRI (magnetic resonance imaging) showed no abnormalities. Clotting factors remained stable (II 64 %, V 73%, VII 73 %) as well as prothrombine time (70 % of the normal value). The liverspecific enzyme, ALAT (alanine aminotransferase), remained slightly increased (104 units/l; normal: 10-65). Lactate level was normal after fasting and feeding (1.1 and 2.0 mmol/l respectively; normal < 2.2). Lactate/pyruvate ratios were also normal (< 12; normal < 20). A second child, a boy, was born unaffected. Informed consent for the present study was obtained from the parents.
Patient 2
This boy presented with a typical form of hepatocerebral MDS. He was the second child of healthy young unrelated French parents without family history. A first child, a boy, died of a haemorrhagic syndrome of unknown aetiology at 10 days of age. At birth, the baby presented with sub-ictere, hypoglycaemia and lactic acidosis. At 2 months of age, he became hypotrophic and developed progressive axial hypotonia and roving eye movements. Visual evoked potentials were markedly abnormal. MRI did not show evident abnormality of the white matter. Electron microscopy of the liver revealed steatosis and an accumulation of abnormal pleomorphic mitochondria with abnormal cristae. Enzymatic measurements of the respiratory chain complexes revealed a specific severe defect of the activities of the complexes I, III and IV (5, 7 and 7 % of the mean control values respectively) related to mtDNA depletion (85 %) ('other case' in [2] ). In contrast, complex II activity was at the upper limit of the normal range. Subsequently, liver function rapidly worsened. Neurological status deteriorated rapidly with major hypotonia and the patient died at 3 months of age. Informed parental consent was obtained for the present study.
Patient 3
The third child of consanguineous Moroccan parents presented immediately after birth with hypoglycaemia and lactic acidosis. Liver function tests revealed cholestasis and mild cytolysis. Neurological and cardiac functions were normal. At 1 month of age, there was a rapid evolution towards cytolysis, coagulopathy, fasting intolerance and severe lactic acidosis. Depletion of mtDNA in liver (80 %) was demonstrated, associated with defects of mtDNA-related respiratory chain complexes (15, 20 and 30 % of the mean control values for the complexes I, III and IV respectively). The patient died at 2 months of age of liver failure. Informed consent for the present study was obtained from the parents.
Cell cultures and mitochondria preparation
Fibroblasts from forearm skin explants obtained from patients, family members and controls were cultured in Ham's F10 medium supplemented with 12 % (v/v) fetal calf serum, with penicillin, streptomycin and amphotericin B and 50 mg/l of uridine. Cells were routinely cultured in plastic flasks (T175) at 37
• C in a humidified atmosphere of 5 % CO 2 in air. Cultures were checked for mycoplasma infection prior to all experiments.
Mitochondria-enriched preparations from cultured fibroblasts were obtained as described previously [20, 21] . For liver, the method for preparation of mitochondria was adapted from Rustin et al. [22] , using a homogenization buffer containing 40 mM KCl, 2 mM EGTA, 20 mM Tris/HCl (pH 7.4) and 1 mg/ml of BSA. Mitochondria were washed once in their respective buffers and pelleted for 15 min at 11 000 g. Pellets were resuspended in a minimal volume of buffer and kept in aliquots at − 80
• C. Protein concentration was measured by the bicinchoninic acid method.
Enzymatic measurements
Enzymatic activities of the respiratory chain complexes were measured in liver homogenates and in mitochondria-enriched preparations from cultured fibroblasts as reported previously [21] .
The DGUOK activity was measured radiochemically in mitochondria-enriched preparations from fibroblasts with a procedure based on that described by Ives and Wang [23] ) . The papers were put in 1 ml of elution buffer (0.1 M HCl + 0.4 M KCl); 4 ml of Ultima Gold Safe scintillation fluid (PerkinElmer) was added and the radioactive solutions were counted in a Tri-Carb scintillation counter (PerkinElmer). For the measurement of the phosphate acceptor constants, a wide concentration range of each deoxynucleoside was used (0.3-50 µM for dG and 0.6-50 µM for dA). For the measurement of phosphate donor constants, ATP/MgCl 2 was varied (0.25/0.30 to 7.5/9 mM), while dG or dA was kept at 20 µM. For mitochondria-enriched preparations from liver, the same procedure was used with the following modifications: 1 mM/1.2 mM ATP/MgCl 2 in the standard reaction mixture, 15 µg of protein per assay and assays were conducted during 6 h for the dA substrate and 4 h for the dG substrate. The data were analysed by the Sigma Plot 9.0 Enzyme Kinetic Module (Systat Software).
Molecular investigations
For mtDNA quantification, continuous real-time qPCR (quantitative PCR), with the fluorescent SYBR Green I doublestrand DNA-specific dye, was used to determine the copy number for two mitochondrial genes [ND2 (NADH dehydrogenase 2) and 16 S] and a nuclear gene [ATPsynβ (ATP synthase β)], as described previously [24] . For each gene tested, a standard curve was generated using a serial dilution of the target gene standard PCR product. Controls and patients were included in the same run. The mean of the results obtained from the two different mtDNA probes was used to calculate the mtDNA/nuclear DNA ratio.
For DGUOK mutation analysis, the human chromosome 2 working draft sequence segment (accession number NT 025651) was used to sequence each of the seven exons and their intron/exon boundaries of the propositi and their parents as described by Mandel et al. [5] .
For analysis of the DGUOK transcript of patient 2, total RNA was isolated from cultured fibroblasts of the patient and a control as described earlier [25] . In a thin-walled tube, 20 pmol of oligodT anchor primer [from the 5 /3 -RACE (rapid amplification of cDNA ends) kit of Roche] was annealed with 1 µg of total RNA in a volume of 5 µl by incubation at 70
• C for 5 min, followed by a quick chill at 4
• C for 5 min and a hold on ice. To obtain single-stranded cDNA, reverse transcription of RNA was performed with the ImProm-II RT (reverse transcriptase) kit (Promega) in a volume of 20 µl, as recommended by the supplier. Subsequently, 5 µl of the single-stranded cDNA product was used to amplify DGUOK cDNA with the Thermo-Start PCR master mix from Abgene. The PCRs were performed in a volume of 50 µl with either 50 pmol of the exon 3 (forward) primer 5 -ACTGCCCAAAGTCTTGGAAAC or 50 pmol of the exon 4 (forward) primer 5 -TGGTTCCCTCAGTGACATCGA and 50 pmol of the exon 5-6 junction (reverse) primer 5 -GTGGAGCTTC-GTTGTCTTGTG (nt 262-282, 474-494 and 694-714 of the DGUOK cDNA respectively; numbering according to [26] . After an initial denaturation step at 95
• C for 15 min, the samples were subjected to 35 cycles of denaturation at 94
• C for 30 s, annealing at 55
• C for 30 s and polymerization at 72
• C for 30 s, and a final polymerization step at 72
• C for 7 min. PCR products were resolved by agarose gel electrophoresis and extracted from the gel with the QIAquick Gel Extraction kit (Qiagen). The gel-extracted products of the PCR with the exon 3 and exon 5-6 junction primers were re-amplified with the same primers. Products of the second PCR were purified with the QIAquick PCR Purification kit (Qiagen) and subjected to DNA sequencing, using the exon 3 primer.
RESULTS
Molecular investigations
DGUOK mutations and RT-PCR analysis
Patient 1 is a compound heterozygote for two missense mutations. The c.137A > G mutation in exon 1 changes a highly conserved asparagine to a serine (N46S) in the P-loop of the protein. The other mutation, c.797T > G in exon 6, changes a leucine to an arginine (L266R) in the C-terminal α-9 helical domain. The mother was carrier of the N46S mutation and the father of the L266R mutation (Supplementary Figure 1A at http:// www.BiochemJ.org/bj/402/bj4020377add.htm). The younger unaffected brother was heterozygous for the N46S mutation. Testing of 100 control subjects did not identify any other carrier of these missense mutations.
Patient 2: the DGUOK gene of patient 2 harboured three new heterozygous base changes (Supplementary Figure 1B) : (i) a G to T base change (c.4G > T) immediately downstream of the first ATG initiation codon. The second codon will be TCC instead of GCC, coding a serine instead of alanine (A2S). Alanine to serine is quite a conservative change. Considering that this change affects the N-terminal part of the import sequence, this change will have no major effect on the import of the protein into mitochondria (ExPASy proteomics tool Mitoprot; http://www.expasy.org/tools). Nevertheless, a G base change immediately after the start codon is likely to affect start codon recognition by the ribosome [27] . The ribosome may use the ATG codon further downstream as an alternative, (ii) a G to A base change at the consensus GT splice donor site of intron 1 (c.142 + 1G > A) and (iii) a G to A base change at the 3 -end of exon 4 (c.591G > A). This substitution does not change the amino acid but may induce splicing anomaly. Mutation analysis of the parent's DNA showed that the patient 2 inherited the A2S and the c.591G > A from his father and the c.142 + 1G > A from his mother.
To examine whether the G → A mutation at the 3 -end of exon 4 had an effect on intron 4 splicing, we amplified exons 3-5 from fibroblast cDNA of patient 2 and a control with primers corresponding to sequences of exon 3 and the exon 5-6 junction. Two different amplification products were revealed: an approx. 450 bp band of expected size in the control sample and an approx. 300 bp band in the patient sample (Supplementary Figure 2A at http://www.BiochemJ.org/bj/402/bj4020377add.htm). DNA sequencing of these amplification products demonstrated that the 450 bp fragment from the control sample corresponded to DGUOK exons 3-4-5, while the shorter one from the patient sample corresponded to DGUOK exon 3 directly linked to exon 5 (Supplementary Figure 2A) . Thus it appears that the c.591G > A mutation in patient 2 causes skipping of exon 4. To further exclude the presence of a small amount of correctly processed mRNA, we tried to amplify exons 4-5 from the patient cDNA with a primer corresponding to sequences of exon 4 and the exon 5-6 junction primer. Although amplification of control cDNA yielded a DNA fragment with a size expected for the exon 4-5 fragment, the cDNA sample of the patient did not yield any product (Supplementary Figure 2B) . Furthermore, these results also show that the transcript from the other allele with the c.142 + 1G > A is undetectable.
Patient 3 was homozygous for the previously reported 4 bp duplication in exon 6 (c.763 766dupGATT) [3] , creating a premature stop codon resulting in a truncated 255-amino-acid non-functional protein [19] . Both parents are carriers of this duplication (Supplementary Figure 1C) .
Quantification of mtDNA in fibroblast cultures
Levels of mtDNA were determined by qPCR in fibroblast cultures of the three patients and compared with the levels of three control cultures. Cells were collected at the same passage number. In exponentially growing fibroblast cultures, a relatively mild depletion of mtDNA was observed in the three patients. Residual mtDNA levels in the cultures of patients 1, 2 and 3 were 67, 48 and 65 % of the mean for the three control cultures (mtDNA/nuclear DNA = 100 + − 12 %; range: 77-108 %) respectively.
DGUOK enzymatic measurements
To assess the pathogenicity of the DGUOK gene mutations in patient 1 compared with two other patients, we could not use liver directly as the specimen from patient 1 was no longer available. Consequently, we developed an enzymatic assay for mitochondria-enriched preparations from cultured fibroblasts, using a radiochemical analysis. Reaction progress curves showed that the assay was linear in controls for up to 20 h for dA and dG, in the range of 2.5-7.5 µg of mitochondrial protein per assay. Between 2.5 and 5 µg, and 5 and 7.5 µg of mitochondrial protein per assay, the same decrease in the specific activities (units/mg) was observed (12 and 13 % with dA and dG respectively). Nonlinear reaction velocity versus amount of enzyme preparation per assay can result from a number of factors [28] , such as the presence of contaminating inhibitors or instability of the enzyme under the assay conditions. All data are shown for an input of 5 µg of protein per assay. Reproducibility was 11 % between days (n = 12), using replicate lysed samples, frozen in small aliquots and assayed on different days over a period of 2 months. DGUOK activity was stable for at least 1 year at − 80
• C. As a second step, we measured the specific activities and we characterized the kinetic properties of the mutant enzymes compared with the wild-type enzyme with dG or dA as phosphate acceptors and ATP as phosphate donor.
Specific activities: patients
Mitochondria of exponentially growing fibroblasts from patient 3 (c.763 766dupGATT) showed a very low activity with both dG and dA. Residual activity was 2.6 and 1 % of the mean control value with dG and dA as the phosphate acceptors respectively (Table 1) . Also for patient 2 with splice mutations, a severe decrease in the catalytic rate was observed: 2.7 and 1.2 % of the mean control activity with dG and dA as the phosphate acceptors respectively (Table 1 ). In contrast, for patient 1 (N46S/L266R) the DGUOK residual activity was 14 and 10 % of the mean control activity with dG and dA as the phosphate acceptors respectively (Table 1) . DGUOK activity in mitochondria from liver of patients 2 and 3 was reduced by 98 % compared with two normal controls. As mentioned earlier, liver samples were no longer available from patient 1. The DGUOK activity was also determined for family members of patient 1. The activity levels of the mother, the father and the brother of patient 1 were all below the low end of the control range (61, 42 and 45 % of the mean control value for dG, and 59, 41 and 44 % of the mean control value for dA respectively). Similarly, the activity levels of the mother of patient 3 were 44 and 42 % of the mean control values for dG and dA respectively (Table 1) .
Kinetic properties
In control fibroblasts, the kinetic relationship between velocity and substrate concentration regarding the two deoxynucleoside substrates, dG and dA, was investigated and results were plotted according to the Hanes equation (s/v versus s), as well as the Eadie-Hofstee (v versus v/s) and Hill (log v/V-v versus log s) methods. Apparent K m (K m,app ) and V max values were calculated with the Hanes equation (Figure 1 ). The phosphorylation of both dG and dA did not follow Michaelis-Menten kinetics but showed apparent negative co-operativity as indicated by non-linear EadieHofstee plots (Figure 2 ) and the Hill constants n < 1 (n = 0.53 and 0.75 for dG and dA respectively) ( Table 2 ). An apparent negative co-operativity was also found in mitochondria from two control livers (Hill constant mean: 0.52 and 0.70 for dG and dA respectively). For patients 2 and 3, the fibroblast and liver samples showed no kinetic behaviours compared with the controls and no kinetic properties could be characterized. For the N46S/L266R mutant enzymes of patient 1, the K m,app values for both dG and dA were approx. 3 µM and in the same range as that of the controls (1.8 and 6.8 µM for dG and dA respectively) ( Table 2 ). The mutant enzymes had 9 % of the V max /K m,app value with dG and 25 % with dA as compared with the wild-type DGUOK enzyme. Negative co-operativity was also found (Hill constants: 0.61 and 0.68 for dG and dA respectively). Negative co-operativity was furthermore observed for both dG and dA in all carriers ( Table 2 ). The V max /K m,app values with dG or dA as the phosphate acceptors ranged from 32 to 51 % with dG and from 55 to 78 % of the mean control value with dA respectively.
The mutant enzymes were also characterized with regard to the phosphate donor properties with ATP. The K m,app values for wild-type DGUOK were 1.5 and 0.95 mM when dG and dA were The values are determined with fixed concentrations of dG or dA (20 µM) and concentrations of ATP varied from 0.25 to 7.5 mM. The three controls were within the age range of patients. Conditions and analysis of data were as described in Table 2 . K m is given in mM and V max is given in picomoles of dG or dA phosphorylated per hour per milligram of protein; K m1 , V max1 , n • 1: (first value of V max /K m,app for the patient) data below 2.5 mM ATP; K m2 , V max2 , n • 2: (second value of V max /K m,app for the patient) data above 2.5 mM ATP. Also shown is the percentage of the mean control value. the phosphate acceptors respectively (Table 3) . The values of Hill constants (0.80 and 0.77 with ATP/dG and ATP/dA respectively) indicate that wild-type DGUOK has a negative co-operativity with ATP as the substrate. Negative co-operativity was also shown for the carriers. In contrast, the N46S/L266R mutant enzymes (patient 1) exhibited two phases of the velocity curve when ATP/v values were plotted versus ATP/dA or ATP/dG concentrations compared with the controls or the carriers (Figure 3) . A transition in the velocity curve is clearly observed at 2.5 mM ATP. Consequently, kinetic data showed bimodal plots using the Hanes equation. Apparent K m and V max values were calculated separately for the two distinct regions. At low concentrations, ATP appears to be a more efficient phosphate donor for dG and dA, having higher efficiencies (V max /K m,app ) and lower K m,app values as compared with the situation at concentrations above the transition point (Table 3) .
DISCUSSION
We identified the nuclear gene involved in the liver-restricted MDS of patient 1, a 10-year-old who presented with a favourable course of the disease. The patient had two missense mutations (N46S/L266R) in his DGUOK gene. DGUOK mutations were initially reported in the hepatocerebral form of mtDNA depletion [5, 10] but can cause also isolated liver disease [3] . To date, the DGUOK mutations reported in patients with liver or hepatocerebral MDS result either in a premature stop codon and truncation of the DGUOK protein [3] [4] [5] 10, 17] or in amino acid substitutions [3, 4] . In patient 2 with the hepatocerebral form of MDS, we identified the first splice mutations in DGUOK leading to an absence of correctly processed DGUOK transcript. For patient 3, who died at 2 months of age, the isolated hepatic form was related to a 4 bp duplication in exon 6 resulting in a premature stop codon at amino acid 255 [3] . A recombinant enzyme, generated with the same C-terminal 22-amino-acid truncation, was inactive and deletions of the C-terminal 11 or 18 amino acids resulted also in inactive enzymes, suggesting that the C-terminal α-9 α-helical domain of DGUOK plays a critical role in catalysis [19] . In contrast, patient 1 with the reversal form of MDS had two missense mutations, one of them (N46S) yet unreported. Residue Asn 46 is one of the four highly conserved residues (positions 44-47) in the P-loop of the protein family of deoxynucleoside kinases. The P-loop is essential for the binding of the phosphates of ATP by the residues Ala 48 , Lys 51 and Ser 52 . Interactions of the triphosphate part of ATP involve also the LID region (Arg 206 and Arg 208 ) and the Arg 142 residue present in the loop preceding helix α5. Using Swiss-Pdb Viewer (http://www.expasy.ch/spdbv) [29] to visualize the three-dimensional structures of mutant enzymes compared with the wild-type model [11] , it appears that the N46S mutation induces a drastic change in the close interactions with amino acid 46. Figure 3A at http://www.BiochemJ.org/bj/402/ bj4020377add.htm). This predicted change probably impairs the phosphate bonds between ATP and both the P-loop and the LID region and, consequently, causes destabilization of the DGUOK-ATP complex essential for an optimum catalytic transfer of a phosphate group to dG or dA. The other mutation, L266R, was reported in another patient recently [4] . The mutation affects a residue in the C-terminal α-9 α-helical domain, which is not conserved throughout the family of deoxynucleoside kinases [11] . Substitution of the aliphatic residue leucine for the basic residue arginine introduces abnormal and tight interactions between the C-terminal α-9 domain and both the β4 and β5 helices via the two conserved residues Figure 3B) . Such interactions are likely to alter not only the proper folding of the C-terminal domain but also the conformation of domains close to the C-terminus.
In order to evaluate the consequences of these two missense mutations on the catalytic activity, an enzymatic assay was developed for mitochondria-enriched preparations from cultured fibroblasts. This assay was optimized for a detailed characterization of the kinetic parameters of the enzyme: the K m,app values for the phosphate acceptors (dG and dA) and for the phosphate donor (ATP), the efficiency (V max /K m,app ) and the Hill constants. In normal mitochondria, the reaction kinetics of DGUOK do not follow the Michaelis-Menten model but show apparent negative co-operativity with the phosphate acceptors (dG or dA) and donor (ATP) as indicated by non-linear EadieHofstee plots and Hill constants below unity. Such a mechanism was previously reported for the phosphorylation of dC and dT (deoxythymidine) by human dCK [30] and TK2 [31] respectively. For purified DGUOK from beef liver mitochondria, a random bi-kinetic mechanism has been reported with the formation of a dead-end complex but without clear information about cooperativity [15] . In organello, negative co-operativity would tend to limit the initial velocity of the dimeric enzyme with increasing substrate concentrations and would contribute together with the feedback inhibition of the end-products [15] to regulate the purine dNTP pool. In mitochondria from control fibroblasts, the K m,app values with dG and dA were 1.8 and 6.8 µM respectively, but the V max was 3-fold higher with dA reducing the efficiency of dA phosphorylation by only 23 %. The K m,app value for dG was in the same range as the values reported for the purified bovine enzyme (4.7-7.6 µM) [12, 14] and human recombinant enzyme (4 µM) [16, 19] . In contrast, the K m,app value for dA was lower compared with those reported previously (60 and 467 µM for purified bovine and human recombinant enzyme respectively). In our mitochondria-enriched preparations from fibroblasts, the product of dA phosphorylation is in part dIMP (deoxyinosine monophosphate), the deamination occurring at the nucleoside level by a contaminating adenosine deaminase activity (results not shown). As DGUOK phosphorylates also dI (deoxyinosine) with an efficiency higher than for dG or dA [12, 16] , the K m value and efficiency for dA we measured in fibroblast mitochondria may reflect in part the phosphorylation rate of the enzyme for dI. This may explain why the efficiency for dG was not severalfold higher than for dA as described for the purified bovine and human recombinant enzyme (12-fold) [12, 16] .
The N46S/L266R enzymes showed a decreased catalytic rate with dG and dA (14 and 10 % of the mean control activity with dG and dA respectively) but results indicated no alteration of substrate binding capacity as revealed by the K m,app values and no change in apparent negative co-operativity with dG and dA as substrates. Indeed, the predicted N46S/L266R DGUOK three-dimensional structure models do not affect the main residues involved in the active site, especially Arg 118 and Asp 147 [11] . We cannot conclude that catalytic efficiency (V max /K m,app ) for dG or dA phosphorylation is reduced as V max is also dependent on amounts of the mutant DGUOK protein. In contrast, the velocity was reduced by more than 97 % in the patients 2 and 3 with the splice mutations and the GATT duplication respectively, and kinetic behaviours were absent. Phosphorylation of dG and dA over the long incubation time by even a low level of contaminating cytosolic dCK may explain these residual activities despite the presence of excess dC (2 mM), which is not only the more efficient substrate for dCK but also a strong inhibitor of the purine phosphorylation carried out by dCK [13, 32] .
When ATP was used as a limiting phosphate donor, patient 1 mutant enzymes showed abnormal kinetics. The two distinct regions of the velocity curve separated by an obvious transition indicate the presence of two different kinetic behaviours, one for the lower ATP concentrations and the other for the higher ones. At the low concentration range, a severely decreased catalytic rate (V max1 reduced by more than 90 %) was observed rather than an alteration of substrate binding capacity as revealed by the K m,app values. With increasing ATP concentrations, the mutant undergoes an increase in apparent. K m for ATP (3-10-fold the control values with dG and dA respectively), with the transition to higher K m,app being accompanied by a shift to greater maximum velocity (V max2 only 5-fold reduced compared with the control V max ). Biphasic velocity curves have been described in preparations containing two enzymes (or two forms of the same enzyme) catalysing the same reaction [28] . We have to keep in mind that three different mutant dimers of the enzyme theoretically co-exist (N46S/N46S, L266R/L266R and N46S/L266R) in mitochondria of patient 1, if some of them are not degraded. In such a system, the observed velocity would be the sum of the velocities contributed by each mutant dimer. In addition to the conformational change of the P-loop predicted in the mutant Ser 46 , the stability of the P-loop three-dimensional structure may be compromised by the unusual interactions of the C-terminal domain and the β4 and β5 helices predicted in the mutant Arg 266 . As a result, the two mutations may both contribute to the impairment of the binding mode of ATP at the phosphate donor site, decreasing both the intrinsic affinity of the phosphate donor site and the rate of the phosphate transfer.
We demonstrated a low DGUOK enzyme activity in the fibroblasts of a patient who displayed a spontaneous improvement of his liver MDS. The mtDNA content of his exponentially growing fibroblasts was only partially decreased. It is well established that during S-phase when both the cytosolic de novo synthesis of deoxynucleotides and the dCK are high, the import of purine deoxynucleotides sustains mtDNA synthesis in DGUOKdeficient cells [33] . In liver of patient 1, the DGUOK mutations caused a severe mtDNA depletion (85 and 80 % at 12 and 21 months of age respectively) responsible for an extensive liver fibrosis [2] . Although we assume that mutant DGUOK showed also residual activity in liver, this was apparently not enough to supply sufficient mitochondrial purine deoxynucleotides for normal mtDNA replication. Unfortunately, no liver samples were available from the patient to assess liver DGUOK activity directly. On the other hand, the absence of brain dysfunction in patient 1 argues for a residual DGUOK activity compatible with a normal neurological development. In the neonatal period, liver and brain are tissues relying mostly on oxidative phosphorylation for ATP production. mtDNA replication is highly dependent on DGUOK without the compensatory effect of both cytosolic de novo dNTP synthesis, which is limited in post-mitotic tissues, and dCK activity, which is known to be very low in these tissues [34] .
We hypothesize that the residual DGUOK activity accounts for the highly unusual phenotypic reversal. At 32 months of age, the patient displayed a spontaneous gradual improvement of his liver function with no extrahepatic manifestations. It appears that after the neonatal period, the mtDNA needs were lowered and the DGUOK activity became less critical. Even a low DGUOK activity may prevent further disease development and allow regeneration of the damaged liver. Moreover, the special regimen since 3 months of age, including daily fractional meals and enteral nutrition during the night supplemented with medium chain triacylglycerols, was probably effective to limit the liver energy requirements. In the literature, only one heterozygous patient (R142K/E227K) had a documented residual DGUOK activity in liver (27 % as compared with control individuals) [3] . As he underwent liver transplantation at the age of 17 months, the natural course of his liver MDS is unknown.
Alternatively, the reversion of the phenotype may be explained by a somatic nuclear mosaicism confined to liver. Reversion by mosaicism may occur, early in development, in one somatic cell, either from a de novo mutation that could rescue the mutant allele or by creating a normal allele from a mutant by gene conversion [35] . In these cases, the DGUOK activity would be higher in liver than in fibroblasts. To test this hypothesis, a liver biopsy is needed. Such a mosaicism could promote a functioning cell pool and may prevent liver failure mainly from accelerated cell regeneration. Whatever the molecular mechanism of a hypothetic reversion event, reversion clusters with normal hepatocytes on light microscopy and fully restored function co-exist in the patient's liver with some areas of residual fibrosis [1] .
The optimized protocol of DGUOK activity measurement we developed for mitochondria from fibroblasts (and liver) allowed us to get a deeper understanding of the kinetic properties of the DGUOK enzyme and to evaluate the kinetic behaviour of mutant enzymes in organello. Experimental kinetic results obtained in organello reflect the enzymatic function of DGUOK, which depends on specific conditions of processing, folding and monomeric interactions. In the N46S/L266R mutant, even though the kinetic properties of each mutant enzyme cannot be resolved by this experimental approach, the characterization of a residual DGUOK activity in organello provides a general view of the mechanism leading to a reduced purine deoxynucleotide pool through the salvage pathway.
